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ABSTRACT 
Drummond, C.N., Wilkinson, B.H., Lohmann, K.C. and Smith, G.R., 1993. Effect of regional topography and hydrology on 
the lacustrine isotopic record of Miocene paleoclimate in the Rocky Mountains. Palaeogeogr., Palaeoclimatol., Palaeoecol., 
101: 67-79. 
Oxygen isotopic compositions of upper Miocene (9.2 m.y.) lacustrine limestone from northwestern Wyoming range from 
-21.5 to -35.2%0 (PDB) and are the lightest yet reported for a non-marine carbonate sequence. These values require that 
lake water was greatly depleted in 180 relative to modern meteoric precipitation and indicate that most inflow was sourced 
as meltwater from glaciers in the adjacent Gros Ventre range. Assessment of climatic factors influencing the isotopic composition 
of global meteoric water indicates either that nearly all of Miocene precipitation in the southern Rocky Mountains was derived 
from large lake systems in the Snake River Plain and northern Great Basin to the west, or that Gros Ventre catchment 
elevations were up to 2300 m higher than at present. Because erosion rates in modern alpine regions suggest that subaerial 
denudation could only account for up to 1200 m of post-Miocene elevation reduction, any additional lowering must reflect 
the influence of post-Laramide epeirogeny during Basin and Range extensional tectonism. Lacustrine isotopic data therefore 
provide boundary conditions on the timing and magnitude of changes in late Cenozoic paleoclimate, topography, hydrology, 
and tectonism in the western Wyoming portion of the Rocky Mountains. 
Introduction 
Near ly  cont inuous  sedimentat ion and rapid iso- 
topic response to climate change makes large lakes 
nearly ideal settings for high-resolution studies o f  
paleoclimate. Moreover ,  measurement  o f  lacus- 
trine carbonate  stable isotopic ratios has become 
one o f  the s tandard  methods  o f  paleoclimatic 
research over the past  two decades (e.g. Fritz et al., 
1975; Kelts and Talbot,  1986; Kelts and Talbot,  
1989; McKenzie,  1985; McKenzie  and Eberli, 1987; 
Schoell, 1978; Stiller and Kaufman ,  1985; Stuiver, 
1970 and Suchecki et al., 1988; Talbot,  1990). How-  
ever, one commonly  over looked factor  that  may  
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significantly influence the isotopic composi t ion o f  
meteoric water and associated sediment is the ele- 
vat ion o f  drainage basins f rom which lake water is 
derived. Extremely-depleted 6180 composi t ions  o f  
lacustrine limestone in the Miocene C a m p  Davis 
Format ion  o f  northwestern W y o m i n g  strongly 
implicate an impor tan t  local control  on lake water 
composi t ion independent  o f  regional climate, and 
serve to emphasize the influence o f  drainage basin 
elevation on the isotopic composi t ion o f  meteoric 
water in various lacustrine settings. 
Sedimentology-stratigraphy 
The upper  Miocene C a m p  Davis  Fo rma t ion  
consists o f  lake-margin lacustrine carbonate,  syn- 
tectonic alluvial conglomerate,  and bedded and 
disseminated volcanic ash (Davis and Wilkinson, 
0031-0182/93/$06.00 © 1993 - -  Elsevier Science Publishers B.V. All rights reserved. 
68 C.N. DRUMMOND ET AL. 
1983). Sediments were deposited in a half-graben 
basin bound to the northeast by the Hoback fault 
which was active during Miocene Great Basin 
extensional tectonism (Davis and Wilkinson, 
1983). The Camp Davis Formation crops out along 
15 km of NW-trending exposures that parallel 
strike of the Hoback normal fault. This fault sepa- 
rated the Camp Davis lake basin and adjacent allu- 
vial fans from the Gros Ventre Mountains 
immediately to the northeast (Fig. 1). The Gros 
Ventres are a Laramide mountain range that served 
as the source of both terrigenous sediment and 
meteoric runoff to surrounding fluvial systems and 
the lake basin (Davis and Wilkinson, 1983). Lime- 
stone lithofacies are similar to those found in many 
freshwater marl deposits (Murphy and Wilkinson, 
1980; Treese and Wilkinson, 1982) and consist pri- 
marily of massive to root mottled micrites and 
intraclastic to pisolitic to oolitic grainstones. The 
dominance of these facies in all Camp Davis expo- 
sures, the ubiquitous presence of the green alga 
Chara, and the common occurrence of molds of 
freshwater gastropods and ostracodes, all strongly 
indicate that deposition took place in a fairly typi- 
cal hard-water lake system, probably similar to 
those that now predominate throughout northern 
temperate regions. Equant to fibrous pore-filling 
calcite cement in oolitic, pisolitic, and intraclastic 
units is a significant component of most grainstone 
samples. 
Based upon faunal evidence, Dorr et al. (1977) 
estimated the Camp Davis Formation to be late 
Miocene to early Ptiocene. A layer of volcanic ash 
that directly overlies the lacustrine carbonate 
sequence has been chemically correlated with ash 
in the nearby Teewinot Formation (Ritchie, 1981; 
Love, 1986). Evernden et al. (1964), using K-Ar  
techniques, dated volcanic ash of the Teewinot at 
9.2 m.y.; thereby constraining a minimum age of 
the Camp Davis as Tortonian (late Miocene). 
Isotopic chemistry 
Because molluscan macro-fossils within Camp 
Davis limestones are only preserved as molds of 
now-dissolved aragonite, isotopic data exclusively 
reflect the compositions of calcitic components. 
Virtually all of these exhibit similar carbon and 
oxygen isotopic signatures. Oxygen isotopic com- 
positions of massive micrite, intraclastic micrite, 
and pisolitic algal micrite range from -22.1 to 
-31.1%o (PDB) while syn-sedimentary cements 
range from -21.5  to -35.2%o (Fig. 2, Table 1). 
Moreover, coupled petrographic and isotopic 
Fig. 1. Late Miocene geologic/tectonic setting of western Wyoming and southern Idaho as shown by the regional map, located in 
the western portion of North America. Note the location of Lake Camp Davis (extending from the western-southwestern margin 
of the Gros Ventre range and along the Palisades graben of the Wyoming-Idaho Overthrust Belt) and Lake Idaho (along the 
western portion of the Snake River Plain). Carbonates sampled during this study were collected from exposures of the Camp Davis 
formation immediately downthrown along the Hoback normal fault (filled triangle). 
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T A B L E  1 
Lithology, isotopic composition, and equilibrium precipitation temperature/fluid composition of Miocene Camp 
Davis carbonates 
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L I T H  ~13C ~ 1 8 0  ~ 1 8 0  T M P  E Q L  3 0 ° C  E Q L  2 0 ° C  E Q L  
( P D B )  ( P D B )  ( S M O W )  M O D  P P T  W A T  C O M P  W A T  C O M P  
( °C)  ( S M O W )  ( S M O W )  
A I  C L S  - 8 .85  - 2 7 . 7 9  2 . 2 7  8 2 . 8 6  - 2 5 . 0 9  - 2 7 . 1 9  
A 2  C L S  - 7 . 4 4  - 3 1 . 2 8  - 1 .34  110 .65  - 2 8 . 7 0  - 3 0 . 8 0  
A 3  C L S  - 9 . 2 4  - 2 9 . 1 3  0 . 8 8  9 3 . 1 4  - 2 6 . 4 8  - 2 8 . 5 8  
B 1 B C C  0 . 7 4  - 2 5 . 8 3  4 . 2 8  6 8 . 8 0  - 2 3 . 0 8  - 2 5 . 1 8  
B 2  B C C  1.29 - 2 9 . 6 9  0 . 3 0  9 7 . 6 0  - 2 7 . 0 6  - 2 9 . 1 6  
B3 B C C  - 0 . 4 9  - 2 8 . 4 9  1 .54  8 8 . 2 0  - 2 5 . 8 2  - 2 7 . 9 2  
B4  B C C  0 . 3 2  - 2 9 . 4 6  0 . 5 4  9 5 . 7 7  - 2 6 . 8 2  - 2 8 . 9 2  
C l B C C  - 0 . 0 5  - 2 8 . 3 6  1 .67 8 7 . 1 9  - 2 5 . 6 9  - 2 7 . 7 9  
D 1  B C C  2 . 9 3  - 2 1 . 5 0  8 . 7 4  4 1 . 5 0  - 18 .62  - 2 0 . 7 1  
C 2  B L D  1.45 - 3 5 . 1 9  - 5 . 3 6  145 .72  - 3 2 . 7 2  - 3 4 . 8 2  
D 2  B L D  0 . 0 0  - 2 3 . 9 2  6 . 2 5  5 6 . 1 4  - 21 .11  - 23 .21  
D 3  B L D  3 .47  - 2 3 . 7 9  6 . 3 8  55 .31  - 2 0 . 9 8  - 2 3 . 0 8  
D 4  B L D  0 . 8 6  - 2 2 . 9 3  7 .28  4 9 . 9 1  - 2 0 . 0 8  - 2 2 . 1 8  
A 4  B R S  0 . 4 5  - 2 4 . 8 3  5 .31 6 2 . 0 2  - 2 2 . 0 5  - 2 4 . 1 5  
B5  B R S  6 .03  - 2 3 . 1 2  7 .08  5 1 . 0 8  - 2 0 . 2 8  - 2 2 . 3 8  
B 6  B R S  - 0 . 2 4  - 33 .3  l - 3 .43  128 .36  - 3 0 . 7 9  - 3 2 . 8 9  
C 3  B R S  4 . 6 0  - 29 .91  0 . 0 7  9 9 . 3 6  - 2 7 . 2 9  - 2 9 . 3 9  
C 4  B R S  0 . 8 7  - 29 .31  0 . 7 0  9 4 . 5 2  - 2 6 . 6 6  - 2 8 . 7 6  
C 5  B R S  2 . 6 7  - 2 7 . 6 8  2 . 3 7  8 2 . 1 0  - 2 4 . 9 9  - 2 7 . 0 9  
C 6  B R S  3 . 1 2  - 3 0 . 6 6  - 0 . 7 0  1 0 5 . 4 4  - 2 8 . 0 6  - 3 0 . 1 5  
B 7  L A M  1.02 - 2 8 . 3 0  1.73 8 6 . 7 4  - 2 5 . 6 3  - 2 7 . 7 3  
B 8  L A M  0 . 1 8  - 2 9 . 5 5  0 . 4 4  9 6 . 4 9  - 2 6 . 9 2  - 2 9 . 0 2  
D 5  M B M  - 0 . 6 2  - 2 2 . 0 5  8 . 1 7  4 4 . 7 0  - 1 9 . 1 9  - 2 1 . 2 9  
A 5  T M I  - 0.91 - 2 8 . 6 4  1.38 8 9 . 3 6  - 2 5 . 9 8  - 2 8 . 0 8  
C 7  T M I  2 . 0 9  - 3 1 . 1 0  - 1.15 1 0 9 . 1 4  - 28 .51  - 30 .61  
C 8  T M I  2 . 3 2  - 2 4 . 5 7  5 .58  60 .31  - 2 1 . 7 8  - 2 3 . 8 8  
D 6  T M I  - 0 . 5 7  - 2 4 . 0 9  6 . 0 7  57.21 - 2 1 . 2 9  - 2 3 . 3 9  
Average 1.31 - 2 7 . 3 5  2 . 7 2  8 1 . 3 7  - 2 4 . 6 4  - 2 6 . 7 4  
L I T H  = Component lithology ( B C C  = banded clear/columnar spar; B L D  = bladed spar; B R S  = equant brown spar; 
C L S =  clear equant spar; LAM= laminated algal micrite; M B M =  massive brown micrite; TMI= tan micrite 
intraclast). T M P  E Q L  M O D  P P T =  Equilibration temperature with modern meteoric water ( - 1 6 . 5 % o  S M O W ;  
Epstein et a l . ,  1953) .  E Q L  W A T  C O M P =  Equilibrium water composition at 30 and 2 0 ° C  ( O ' N e i l  e t  a l . ,  1964) .  
Mean values exclusive of clear equant spar. 
studies indicate that cement and micritic compo- 
nents have similar 6180 compositions within the 
same hand sample. Carbon isotopic compositions 
of all components range from 6.1 to -9.2%o 
(PDB), but the three lightest of these are clear 
calcite spar. Because this is the youngest (pore- 
lining) cement phase, the 613C range of earlier 
phases is in fact much narrower 6.1 to -0.9%o. 
Isotopic similarity between micrite and cement, 
and textural/mineralogical (low-magnesian calcite) 
similarity between Camp Davis cement and syn- 
sedimentary cement reported from other non- 
marine settings (Irion and Muller, 1968; Riding, 
1979; Boyer, 1981) suggest that both micritic and 
cement components precipitated directly from lake 
water during carbonate accumulation (Davis and 
Wilkinson, 1983). 
In order to place these values in a somewhat 
broader context, isotopic data on 670 modern and 
ancient lacustrine carbonates from a variety of geo- 
graphic and tectonic settings were tabulated from 
the literature (Fig. 3). Among the dozen or so 
ancient and modern lacustrine settings represented 
by this tabulation, few even approach the most 
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Fig. 2. Carbon and oxygen isotopic compositions of micrite and syn-sedimentary cement from lacustrine carbonates of the upper 
Miocene Camp Davis Formation. Micrite filso values (squares) range from -22.1 to -31.1%0 (PDB) with a mean of -26.9%o. 
Synsedimentary cement (diamonds) 51sO values range from -21.5%0 to -35.2%0 with a mean of -27.8%0. With the exception of 
clear equant spar (latest cement), micrite and cement span a similar range of 5t3C compositions (-0.9-6.0%0; PDB). 
enriched Camp Davis composition (Fig. 3). In fact, 
the only reported occurrences of  non-marine car- 
bonate as light as Camp Davis limestones are mete- 
oric calcite as cement and concretions in 
Cretaceous and Quaternary sandstones from Aus- 
tralia and Antarctica (Gregory et al., 1989; 
Schmidt and Friedman, 1974). 
Given the present climate, elevation, and geo- 
graphic position of  northwestern Wyoming, we 
might first ask if Camp Davis limestones are more 
180-depleted than would be expected under present 
conditions. Use of  spring snow-melt ( ~ l S o  values 
( -  16.5%o SMOW) as a proxy of  average western 
Wyoming meteoric water, and the carbon- 
ate-water  paleotemperature relation of  Epstein 
et al. (1953), calculated temperatures of  carbonate 
precipitation range from 40 to 145°C (Table 1). 
Such temperatures are clearly too high for the for- 
mation of  a relatively fossil-rich lacustrine carbon- 
ate. Moreover, assuming a geothermal gradient of  
some 25°C/km and infinitely high water/rock ratios 
during alteration, more than 2 .5km of post- 
Miocene sediment would be required to attain 
these temperatures in a deep diagenetic setting. 
Given that present outcrops presently occur at an 
elevation of about 2.0 km, such burial would result 
in a local mean elevation, within this basin of 
deposition, higher than any point presently in the 
state of Wyoming. On the basis of  these considera- 
tions, it seems apparent that the isotopic composi- 
tion of  Camp Davis limestones must therefore 
record carbonate deposition in Upper Miocene 
lake water that was significantly more depleted 
than modern meteoric precipitation. 
Using the calcite-water isotopic partitioning 
relation of O'Neil et al. (1964) and a mean isotopic 
value of Camp Davis calcite, and assuming that 
temperatures  of  carbonate precipitation in Lake 
Camp Davis were similar to temperatures of  maxi- 
mum calcium draw-down in modern temperate- 
region marl lake systems (Wetzel, 1975), Camp 
Davis lake water had a composition of -26.7%0 
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Fig. 3. Oxygen isotopic compositions of Camp Davis limestone components compared to 670 isotopic measurements of modern 
and ancient lacustrine carbonates from a variety of geographic and tectonic settings (Abell and Williams, 1989; Bein, 1986; Bellanca 
et al., 1989; Eicher et al., 1981; Eicher and Siegenthaler, 1976; Fritz and Poplawski, 1974; Hillaire-Marcel and Casanova, 1987; 
Schwarcz and Eyles, 1992; Stuiver, 1970; Suchecki et al., 1988). Note that Camp Davis values comprise the most depleted lake 
carbonates within this data set. 
(SMOW) if carbonate precipitation occurred at 
20°C and -24.6%0 if at 30°C (Table 1). Moreover, 
these are relatively conservative estimates of lake 
water 6180 in that even lower temperatures would 
lead to estimated water compositions water even 
more depleted than - 26.7%0. 
Comparison of this range of Miocene water 
compositions with latitudinally-equivalent mete- 
oric water compositions from International 
Atomic Energy Agency-World Meteorologic 
Organization (IAEA-WMO) network stations 
(1969-1990) shows that the inferred composition 
of Camp Davis meteoric water falls well below the 
range of mean annual compositions of 
IAEA-WMO stations, and at the edge of the com- 
positional range defined by monthly minimum 
compositions for these same stations (Fig. 4). 
Why then, was Camp Davis lake .water extremely 
depleted in 180 compared to modern and ancient 
lacustrine systems and relative to modern meteoric 
precipitation? The answer to this query is not only 
important in understanding late Miocene paleocli- 
mate, but also because the influence of elevation on 
the isotopic composition of meteoric precipitation 
can provide independent data from which to evalu- 
ate the tectonic and erosion history of this portion 
of the southern Rocky Mountains. 
Controls on meteoric water composition 
In meteoric systems, mass fractionation of 180 
between liquid and vapor operates at various 
scales, ranging from global variation related to lati- 
tude (Craig and Gordon, 1965), to regional cli- 
matic effects related to seasonal and annual 
temperature (Dansgaard, 1964), to local effects 
related to elevation (Smith et al., 1979). Within this 
spectrum, the primary mechanisms for isotopic 
change are temperature-dependent liquid/vapor 
fractionation, and the progressive reduction of 
residual water vapor mass with distance of vapor 
transport. Because Rayleigh fractionation and 
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Fig. 4. Mean annual (open squares) and monthly minimum (solid squares) meteoric water isotopic compositions (weighted by 
amount of precipitation) from International Atomic Energy Agency-World Meteorological Organization (IAEA-WMO) (1969-1990) 
network stations within the latitude band of 38-48 °. Note that predicted Miocene meteoric water values (at a paleolatitude of 43 °) 
are significantly depleted relative to modern mean annual values and only fall at the lightest end of the range of monthly minimum 
values of global precipitation. 
water loss during rainout is far more important 
than any increase in the value of  the l iquid-vapor 
isotopic fractionation factor with air mass cooling, 
decreasing temperature leads to extreme depletion 
of  180 in the condensate. In the following we evalu- 
ate the potential controls of  latitude, mean annual 
air temperature, and elevation on the isotopic com- 
position of  late Miocene meteoric water. 
Latitude effect 
Latitudinal control on the isotopic composition 
of meteoric water has long been known to be a 
direct reflection of  poleward temperature gradient 
(Craig and Gordon,  1965; IAEA-WMO,  
1969-1990). The importance of  the latitude effect 
on the isotopic composition of Camp Davis For- 
mation limestone can be evaluated from paleogeo- 
graphic reconstructions based on paleomagnetic 
data from the North  American craton. These show 
that Wyoming has shifted only slightly from its late 
Miocene position (Van der Voo, 1989). The small 
magnitude of  this shift precludes the possibility 
that depletion of Camp Davis lake water reflects 
any significant change in latitude over the past 9.2 
m.y. 
Climatic control on mean annual air temperature 
An estimate of late Miocene temperature within 
the catchment basin of  the Camp Davis lake can be 
derived from empirical relations between the com- 
position of  modern precipitation and air temper- 
ature (Dansgaard, 1964); these predict a late 
Miocene mean annual temperature in northwestern 
Wyoming between - 1 6  and -23°C ,  some 
20-25°C cooler than at present. If  correct, this cal- 
culated change in temperature is certainly far too 
extreme given present understanding of  the paleo- 
flora of the region. Paleobotanical assessments of  
Tertiary paleoclimate in northwestern Wyoming 
and eastern Idaho have resulted in late Miocene 
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temperature estimate that are similar or somewhat 
warmer than at present (Hildebrand and Newman, 
1985; Axelrod, 1964). Leopold and MacGinitie 
(1972), for example, concluded that an Eocene sub- 
tropical flora was replaced by a more modern 
Rocky Mountain flora during the Miocene and Pli- 
ocene, and that late Miocene regional temperatures 
were no cooler than at present. Given these con- 
straints, it follows that isotopic compositions of 
late Miocene meteoric water were not controlled 
by climatically-induced cooler temperature. There- 
fore, we conclude that localized influences such as 
higher catchment elevation must have been the 
driving mechanism for lighter meteoric water in 
northwestern Wyoming during the late Miocene. 
Elevation effect 
Elevation versus 6D data from Smith et al. 
(1979) and elevation versus 6180 data from the 
IAEA-WMO network (1969-1990) were used to 
evaluate the influence of catchment basin eleva- 
tions within the Gros Ventre range on the isotopic 
composition of local meteoric water. Meteoric 
water 6180 data from IAEA-WMO stations 
between 38 and 48°N latitude (+5 ° of lake Camp 
Davis late Miocene paleolatitude) define a eleva- 
tion versus composition trend with slope of 
-4.2%o/km and an intercept of -7.0%o (Fig. 5). 
This trend reflects isotopic response to decreasing 
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Fig. 5. Mean annual isotopic composition versus elevation for sea water-derived meteoric precipitation from IAEA-WMO network 
stations (1969-1990) within the latitude band of 38-48 ° (open diamonds), from data in Smith et al. (1979) as filled squares, and as 
inferred from the isotopic composition of unaltered molluscan aragonite in shoreface sands of the Miocene Lake Idaho system 
(filled rectangle). Regression through either set of precipitation data yields a trend with slope of -4.2%o/km and a sea level intercept 
of -7%o SMOW. Projection of 95% confidence limits around this trend (lightly stippled) through the inferred composition of 
Camp Davis precipitation (horizontal field) delimits mean catchment elevation (3.9-5.1 km) if all meteoric vapor were derived from 
oceanic sources (ocean water). Projection of these confidence limits through the inferred Lake Idaho water composition (medium 
stippled) delimits mean catchment elevation (3.3-4.4 km) if all meteoric vapor were derived form western regional lakes (lake Idaho 
water). Values at elevation limits reflect rates of lowering via subaerial erosion and/or tectonic subsidence necessary to reach the 
present mean elevation of Gros Ventre catchments over the past 9.2 m.y. 
74 C.N. DRUMMOND ET AL. 
intercept value is that of mean annual composition 
of precipitation at sea level within the latitude 
band. On the basis of this trend, and inferred late 
Miocene meteoric water compositions between 
-24.6 and -26.7%o (SMOW), mean catchment 
elevations in the Gros Ventre range are calculated 
to have been between 3.9 and 5.1 km above sea 
level, and imply that waters within paleo-Lake 
Camp Davis must have been glacially-sourced. 
Because the present mean height of the Gros Ventre 
Mountains is 2.8 km, it follows that if elevation of 
Gros Ventre drainage basins was the dominant 
factor controlling 180 depletion in Camp Davis 
water, the Gros Ventre Mountains have been 
reduced in height by 1.1-2.3 km since the late 
Miocene. 
Effect of meteoric water recycling 
Use of such elevation/composition relations also 
implies that sea water was the only vapor source 
from which meteoric water was derived. However, 
continental precipitation flux is nearly three times 
that of riverine discharge (Baumgartner and 
Reichet, 1975), and therefore requires significant 
cycling of meteoric precipitation through continen- 
tal reservoirs. While at a global scale evapotraspir- 
ation is the principle pathway of surface water back 
to the atmosphere, large lakes can provide a sig- 
nificant portion of surface flux at a local and 
regional scale. During the late Miocene numerous 
large lakes which occupied basins between the 
Camp Davis area and the Pacific coast (Cole and 
Armentrout, 1979) potentially served as significant 
sources of recycled meteoric water for the region. 
Lake Idaho, for example, a large (> 1000 km 2) lake 
system coeval with the Camp Davis lake, lay imme- 
diately to the west within what is now the Snake 
River Plain (Straccia et al., 1990; Swrydczuk et al., 
1979) at an elevation of approximately 1 km. Given 
the size, westerly position, and potential evapora- 
tion surface these windward lake systems afforded, 
it is possible that a significant portion of meteoric 
precipitation falling on the Gros Ventre range was 
multiply fractionated via continental recycling 
(Fig. 1). 
Unaltered molluscan shells from shoreface sands 
within the Lake Idaho system yield a 6180 value of 
-16%o (PDB), a value from which Lake Idaho 
water compositions of -15  to -13%o (SMOW) 
(depending on assumed precipitation temperatures 
of 20 and 30°C, respectively) are derived. By pro- 
jecting the -4.2%o/km composition/elevation 
trend derived from the IAEA-WMO (1969-1990) 
and Smith et al. (1979) data through this estimated 
composition of Lake Idaho water, paleoelevation 
of the Gros Ventre Mountains can be derived when 
assuming that this lake was the only source of 
water vapor for late Miocene meteoric precipita- 
tion (Fig. 5). Such an approach yields mean catch- 
ment paleoelevations ranging from 3.3 to 4.4 km, 
indicating that the mountains were lowered some 
0.5-1.6 km since the late Miocene. 
The importance of these calculations is that two 
end-member estimates for paleoelevation of the 
Gros Ventre Mountains can be developed: (1) if all 
meteoric vapor was derived from global oceans, 
mean late Miocene elevation of these mountains 
was between 3.9 and 5.1 km some 1.1-2.3km 
higher than at present; (2) if all water vapor was 
derived via evaporation from Lake Idaho, the 
mountains were some 3.3-4.4 km in height and 
have been lowered some 0.5-1.6 km since that 
time. The difference between these two scenarios is 
significant in that each implicates very different 
rates of erosion over the past 9.2 m.y., and it is this 
difference, in conjunction with data on denudation 
rates from analogous mountainous regions, that 
allows for an evaluation of the importance of each 
scenario. 
Elevation reduction via erosion 
Using reasonable densities for crustal (2.5 g/cm 3) 
and sub-crustal rocks (3.4 g/cm 3) of the region 
(Shuster and Steidtmann, 1988; Smithson et al., 
1978), the first scenario (1.1-2.3 km erosion) cor- 
responds to isostatically corrected total crustal 
thinning of 4.2-8.9 km and to denudation rates 
ranging from 460 to 970 m/m.y. In contrast, the 
second scenario (0.5-1.6 km erosion) corresponds 
to a total crustal thinning of 1.9-6.0 km and to 
denudation rates ranging from 200 to 670 m/m.y. 
For comparison, denudation rates from mountain- 
ous regions have been estimated at 100 m/m.y. 
(Menard et al., 1965), 120-210 m/m.y. (Gilluly, 
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1949; Menard, 1961), and 400-500 m/m.y. (Clarke 
and Jager, 1969). If post-Miocene erosion were the 
only process of elevation reduction in the Gros 
Ventre range, the hypothesis that most meteoric 
precipitation was derived from ocean water must 
be rejected because erosion rates of 460 970 
m/m.y, are excessive. Similarly, because reported 
mountainous denudation rates are generally sim- 
ilar to those inferred when assuming a significant 
input of meteoric water from Lake Idaho (200-670 
m/m.y.) depleted Camp Davis carbonate composi- 
tions might reflect large-scale cycling of meteoric 
water through major lake systems to the west of 
lake Camp Davis. However, this scenario cannot 
be completely correct, in that some significant 
amount of water vapor supplied to the Gros Ventre 
range likely originated from oceanic sources with- 
out experiencing continental recycling and 180 
depletion. 
Postulation of oceanic vapor sources alone leads 
to untenable rates of erosion, while acceptance of 
maximum erosion rates as reported from moun- 
tainous regions, results in relying on western lakes 
as the only important source of water vapor for 
meteoric precipitation. On the basis of these con- 
straints, we conclude that some amount of post- 
Miocene lowering must also reflect tectonic subsi- 
dence, probably in response to crustal thinning 
during Great Basin extensional tectonism. 
Elevation reduction via epirogenic subsidence 
If erosion in the Gros Ventre range since depos- 
ition of the Camp Davis Formation (9.2 m.y.) pro- 
ceeded at the maximum rate reported from modern 
alpine regions (about 500 m/m.y.; Clarke and 
Jager, 1969), mean catchment elevations could 
have been no higher than about 4.0 km, some 1200 
m higher than at present. Any Miocene elevation 
estimate in excess of this value requires some 
amount of post-Miocene tectonic lowering (in 
addition to erosion) to account for the net decrease 
in elevation indicated by carbonate isotopic data 
(Fig. 6). In this context, maximum rates of tectonic 
movement in alpine regions are on the order of 120 
m/m.y. (England and Molnar, 1990), a value equiv- 
alent to no more than 1.1 km of tectonic subsidence 
since deposition of the Camp Davis formation. 
Although several workers (Couples and Stearns, 
1978; Erstev, 1986) have emphasized the impor- 
tance of post-Laramide subsidence along the 
southern Rocky Mountains, the late Cenozoic tec- 
tonic history of the region remains a matter of 
some debate (Steidtmann and Middleton, 1991; 
Steidtmann et al., 1989; Evanoff, 1990; Gregory 
and Chase, 1992). However, Barnosky and Labar 
(1989) have documented increased rates of subsi- 
dence in northwest Wyoming after the mid- 
Miocene. 
Post-Miocene lowering of the Rocky Mountains 
Determining the relative importance of erosional 
versus tectonic processes in lowering the Gros 
Ventre Mountains depends upon adequate knowl- 
edge of the height of this range in Miocene time 
and on the amount of elevation reduction that 
occurs during crustal thinning via erosion and 
extension. Although unique values for these rates 
can not be quantitatively determined from avail- 
able data, allowable ranges can be estimated from 
data on: (1) the density of crustal and sub-crustal 
rocks; (2) maximum rates of erosion in analogous 
modern alpine regions; (3) maximum rates of epei- 
rogenic movement determined in areas of active 
tectonism, and (4) estimated heights of meteoric 
catchments which are dependent on the relative 
amount of meteoric water vapor derived from 
global oceans and regional lakes. If, for example, 
post-Miocene lowering of the Gros Ventre Moun- 
tains only reflected surficial erosion, at least 75% 
of atmospheric water vapor delivered to Lake 
Camp Davis must have been sourced from lake 
Idaho (Fig. 6). 
Employing such relations, it is apparent that 
either erosion alone, or subsidence alone, or some 
combination of erosion plus subsidence are suffi- 
cient to account for differences between Miocene 
and present iso'topic compositions of meteoric pre- 
cipitation in this region if most meteoric water 
vapor were derived from large coeval lakes in the 
western Snake River Plain (Fig. 7). With a greater 
contribution of ocean-derived vapor to local pre- 
cipitation, first subsidence alone (about 8% oce- 
anic vapor) and then erosion alone (about 25% 
oceanic vapor) are insufficient to account for the 
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Fig. 6. Relations between source of meteoric water to Lake Camp Davis (regional lake versus global marine; horizontal axis) and 
the relative importance of erosion and subsidence in lowering catchment basin elevations. Upper dotted diagonal line is the 
estimated elevation of the Miocene Gros Ventre Mountains as a function of water source; present elevation of the Gros Ventre 
range (2.8 km) shown as the lower dashed horizontal line. Dotted lines parallel to the Miocene elevation are anticipated present 
elevations given various rates of erosion over the last 9.2 my. Intersection of maximum rates of erosion reported from modern 
alpine regions (500 m/m.y.; lower dotted diagonal line) with present elevation (open triangle) indicates that no more than 25% of 
meteoric water could have been derived from global oceans if erosion was the only important process in the post-Miocene lowering 
of the Gros Ventre Range. Greater contributions of oceanic vapor require greater amounts of epirogenic subsidence to reach present 
elevations. If, for example, 70% of meteoric water was sourced from global oceans (I), mean catchment elevation would have been 
about 4.3 km (2), requiring some 1.5 km of post-Miocene lowering. If crustal thinning via erosion proceeded at 300 m/m.y. (3), net 
elevation would be reduced to about 3.5 km (4). The remaining 0.8 km of lowering therefore requires a subsidence rate of some 84 
m/m.y. (5). 
e levat ion  change  ind ica ted  by l imestone  compos i -  
t ions.  G r e a t e r  a m o u n t s  o f  ocean-der ived  wate r  in 
meteor ic  p rec ip i t a t ion  require  grea ter  Miocene  ele- 
va t ion  o f  the G r o s  Ventre range (Fig.  5) and,  as a 
result ,  greater  amoun t s  o f  inferred pos t -Miocene  
reduc t ion  in m o u n t a i n  e levat ion  (Figs.  6 and  7). 
Conclusions 
Paleoe leva t ion  can p lay  a significant role in 
de te rmin ing  bo th  the i so top ic  compos i t i on  o f  mete-  
oric  p rec ip i t a t ion  and  the na tu re  o f  reg ional  cli- 
ma te  in which p rec ip i t a t ion  occurs.  In  a context  o f  
in terpre t ing  the s table i so topic  record  o f  cont inen-  
tal  pa leoc l imate ,  however ,  r econs t ruc t ion  o f  ca tch-  
ment  e levat ions  is also s t rongly  dependen t  on the 
relat ive impor t a nc e  o f  g loba l  versus regional  
sources o f  v a p o r  for  meteor ic  prec ip i ta t ion .  In  spite 
o f  our  incomple te  knowledge  o f  the relat ive impor -  
tance o f  these sources in ancient  con t inen ta l  set- 
tings, a c o m b i n a t i o n  o f  d a t a  on  rates  o f  ep i rogenic  
subsidence,  on e ros iona l  denuda t ion ,  and  on the 
i so topic  compos i t i on  o f  meteor ic  p rec ip i t a t ion  in 
m o d e r n  sett ings a l lows for  the cons t ruc t ion  o f  sev- 
eral  l imit ing scenarios.  
I so top ic  compos i t ions  o f  lacustr ine ca rbona t e  
f rom the late Miocene  C a m p  Davis  F o r m a t i o n  
indicate  tha t  mean  e levat ion  o f  lake d ra inage  
ca t chmen t  bas ins  within the G r o s  Ventre M o u n -  
tains were 0 .5-1 .2  k m  higher  than  at  present;  if  
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Fig. 7. Summary of the potential importance of erosion and/or subsidence as a function of water vapor mixing. Field boundaries 
from Fig. 6 were selected at the maximum elevation of Gros Ventre catchments (Miocene elevation), a maximum subsidence rate of 
120 m/m.y., a maximum erosion rate of 500 m/m.y., and a present mean elevation of 2.8 km. Depending on the relative contribution 
of global oceans versus regional lakes to Miocene meteoric water vapor (horizontal axis), post-Miocene lowering of the Gros Ventre 
range could reflect: (1) erosion, subsidence, or erosion plus subsidence; (2) erosion or erosion plus subsidence; or (3) erosion plus 
subsidence. 
post-Miocene lowering of this range largely reflects 
surficial erosion within the southern Rocky Moun- 
tains, recycling of  meteoric water through large 
lake systems to the west must have provided over 
75% of  the water vapor  falling on these catch- 
ments. Conversely, if global oceans provided a vol- 
umetrically subequal source of  vapor  for late 
Miocene meteoric precipitation, and if this vapor  
was generally isotopically unaffected by continen- 
tal recycling during transport,  erosional lowering 
of  this port ion of the southern Rocky Mountains 
must also have been accompanied by tectonic sub- 
sidence on the order of  some 1.1 km over the past 
9.2 my. While elevat ion-erosion-subsidence rela- 
tions cannot be uniquely resolved from available 
data, it is clear that not all post-Miocene lowering 
of Gros  Ventre drainage catchments can be 
explained by subaerial erosion, and that some inde- 
terminate yet important  fraction of  this lowering 
reflects post-Laramide epeirogenic subsidence 
within the Southern Rocky Mountains. 
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